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Introduction
Analysis of flow and heat transfer in a cavity is one of the problems which have been widely studied. In recent years, heat transfer in cavities with moving walls has found great importance in the applications such as electronic equipment's cooling, solar collectors, metal casting, food processing and furnaces. Also, most of the recent studies show significant increase in the heat transfer of a nanofluid flow compared to the base fluid flow. In previous studies, many researchers have concluded that the usage of a nanofluid in a cavity increases heat transfer. Some researchers have studied nanofluid flow and natural convection heat transfer in a cavity with fixed walls [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Among them, Khanafer et al. [1] used different models for thermophysical properties of Cu-water nanofluid and showed that Nusselt number is increased with the increase of nanoparticles volume fraction. Then, from the increase of Nusselt -------------- number, they concluded that natural convection heat transfer also increases. Oztop and AbuNada [2] studied natural convection heat transfer in a cavity using Cu, Al 2 O 3 , and TiO 2 nanoparticles. They showed that the increase of nanoparticles volume fraction increases Nusselt number and from that they also concluded the increase of natural convection heat transfer.
Some researchers have also studied nanofluid mixed convection heat transfer in a cavity with moving walls [11] [12] [13] [14] [15] [16] [17] [18] [19] . Among them, Tiwari and Kumar Das [15] studied the effects of nanoparticles volume fraction and Richardson number for three different moving conditions of the walls and showed that with the increase of nanoparticles volume fraction average Nusselt number of moving walls increases, and from this result they concluded that heat transfer from the walls increases. Talebi et al. [16] , studied nanofluid mixed convection heat transfer by using of Cu-nanoparticles in a cavity with moving wall, and found that in constant Reynolds and Rayleigh numbers Nusselt number increases with nanoparticles volume fraction and then they concluded the increase of heat transfer. Muthtamilselvan et al. [17] studied Cuwater nanofluid mixed convection heat transfer in a cavity with moving wall. They also found that average Nusselt number increases with the increase of nanoparticles volume fraction, and from this result they concluded that heat transfer increases.
According to the review, researchers found that the increase of nanoparticles volume fraction increases Nusselt number, and from Nusselt number increase they directly concluded the increase of mixed convection heat transfer. In this study, first it is shown that this approach is not appropriate for this conclusion. Then, using the proposed new approach based on dimensional case studies, the sole effects of nanoparticles volume fractions on Cu-water natural and mixed convection heat transfer of Cu-water nanofluid in a square cavity is investigated numerically.
Problem statement
Geometry and boundary conditions of the cavity is chosen as the one studied in [15] . In this cavity, horizontal walls are adiabatic, and vertical walls are moving in opposite directions with velocity, V p . The cold wall temperature is T c , hot wall temperature is T h , aspect ratio is AR = 1, and gravitational acceleration g is downward. Boussinesq approximation is used to calculate buoyancy forces. Cavity is filled with Cu-water nanofluid, assumed as Newtonian and incompressible.
Nanofluid physical properties
The following equations are used to calculate nanofluid physical properties. Nanofluid density is calculated from the equation [20] :
and nanofluid specific heat capacity, c p , and expansion coefficient, β, are calculated from the relations [20] :
In previous equations, f is the nanoparticle volume fraction, and subscripts s, f, and nf denote nanoparticles, base fluid, and nanofluid, respectively. Brinkman model [21] is used to calculate dynamic viscosity of nanofluids and stated:
where µ is the dynamic viscosity. Also Maxwell model [22] is used to calculate the conductivity of nanofluids and stated:
where κ denotes thermal conductivity.
Governing equations
To non-dimensionalize the governing equations and boundary conditions, dimensionless variables are defined:
where L is the characteristic length, V p -the characteristic velocity, t 0 -the characteristic time, and ∆T = T h -T c -the characteristic temperature. Superscript (*) denotes dimensionless variables. After substituting the dimensionless variables into the governing equations and boundary conditions, these equations in dimensionless forms are obtained: -continuity equation 
-energy equation
In the energy equation, viscous dissipation term has been neglected. In the previous equations dimensionless numbers Grashof, Reynolds, and Prandtl number are defined:
Boundary conditions
Boundary conditions on the left wall: 
Boundary conditions on the top and bottom walls:
From these dimensionless equations and boundary conditions it is seen that Reynolds, Grashof, and Prandtl number are three effective non-dimensional numbers.
Numerical method
Finite volume approach is used to discretize the governing mass, momentum, and energy equations, and SIMPLER algorithm is used for velocity and pressure coupling. Second-order central difference scheme is used to discretize diffusion terms and upwind scheme is employed to discretize the convective terms.
Four types of girds 20 × 20, 40 × 40, 60 × 60, and 80 × 80 has been examined. The variation of dimensionless temperature vs. x * at y * = 0.5 and the dimensionless horizontal velocity at x * = 0.5 vs. y * for the case Gr = 10 4 , Ri = 1, and f = 0 are plotted (not shown here for brevity) for these grids. It is seen that a good agreement exists between the results of grids 60 × 60 and 80 × 80. The maximum relative error for the dimensionless temperature and for the dimensionless horizontal velocity between the two grids is 0.054% and 0.049%, respectively. Thus, the grid 60 × 60 is appropriate for further studies.
Validation
As shown in figs. 1 and 2, the variations of Nusselt number vs. y * and the variations of u * vs. y * for the case Gr = 10 fig. 2 ). The f = 8% (for fig. 3) obtained from the present work are compared with those of Tiwari and Kumar Das [15] . It is seen that good agreement exists between these two results, with maximum difference less than 1.5% and 1.8% for Nusselt number and u * , respectively.
Results
In this section, the proposed new approach which is based on dimensional case studies is used to study the sole effects of the noanoparticles volume fractions and wall velocity on the mixed convection heat transfer and required power in a lid-driven cavity filled with Cu-water nanofluid. For this goal, a cavity of length L = 10 mm and height H = 10 mm is considered.
Knowing the length of the assumed cavity, L = 10 mm and properties of nanofluids, using eqs. (1)- (5), the velocity, V p , and temperature difference, ∆Τ = T h -T c are calculated at Gr = 10 4 and Ri = 0.1, 1, and 10, and at f = 0.0, 2, and 4%, from the following relations:
The results are shown in tab. 1. Thus, total heat transfer from vertical walls is calculated:
For each case of tab. 1, Nu from fig. 3 and ∆Τ = T h -T c from this table are substituted into eq. (19) to calculate total vertical wall heat transfer. The results are presented in tab. 2 for each case. It is observed that at constant Richardson and Grashof numbers, with increase of nanoparticles volume fraction, total heat flux from the wall increases significantly. Maximum heat transfer increases for, Ri = 0.1, 1, and 10 are 86.7, 87.58, and 87.59%, respectively. Moreover, in these cases temperature difference, ∆T, and velocity of the walls, V p , are increased with the increase of nanoparticles volume fraction. This means that the increase of total wall heat transfer results from not only the increase of nanoparticles volume fractions but also the increase of temperature difference and wall velocity, which in turn increase heat transfer. Therefore, keeping fixed Grashof and Richardson numbers is not an appropriate approach to study the sole effects of nanoparticles volume fractions on the total heat transfer.
Using the proposed new approach, the sole effects of nanoparticles volume fraction on total mixed convection heat transfer from the cavity are investigated. To achieve this goal, temperature difference and the wall velocity are kept fixed at three different nanoparticles volume fractions (φ = 0.0, 2, and 4%) for the cavity dimensions previously studied, L = 10 mm, H = 10 mm, then, total wall heat fluxes are calculated. The results of Q s and the corresponding Richardson number at three different wall velocities are presented in tab. 3. Richardson numbers for the cases V p = 0.025, 0.0079, and 0.0029 m/s are about 0.1, 1, and 10, respectively. Maximum total heat transfer increase for these cases is 4.93, 4.42, and 2.98% respectively, which is much different from the previous study [15] . The reason of this difference was discussed previously. ence, while the results of the previous study [15] show large difference. The reason is that in [15] , isotherms and streamlines are drawn at fixed Richardson and Grashof numbers, and as mentioned previously, temperature difference and wall velocity increase with nanoparticles volume fraction variations. So the variations in isotherms and streamlines result from not only the increase of nanoparticles volume fractions but also the increase of temperature difference and wall velocity. As shown in this study, at constant wall temperatures and wall velocities, a slight increase in heat transfer occurs because of the increase of nanoparticles volume fraction. Now required power, P, for moving the wall is investigated, which is defined:
where τ w is the wall shear stress and F is the vertical wall shear force. Keeping constant the temperature difference of the cavity, the effects of the wall velocity on the total heat flux of the cavity and required power for moving the wall are shown in figs. 5 and 6 at three different volume fractions of nanoparticles (f = 0.0, 2, and 4%). It is observed that total wall heat flux and required power increase with the increase of nanoparticles volume fraction. Combining the results of these two figures, the variation of total wall heat flux vs. required power are shown in fig. 7 .
It is observed that for a target total wall heat flux, a nanofluid with larger volume fraction of nanoparticles needs more power, meaning that the usage of the nanofluid to increase heat transfer is not helpful compared to the base fluid. For example, to have Q = 130 W To study natural convection heat transfer of Cu-water nanofluid, the cavity studied by Khanafer et al. It is observed that at constant Grashof number, with the increase of nanoparticles volume fraction, total heat flux from the wall increases significantly. Maximum heat transfer increases for the cases Gr = (10 4 , 2·10 4 , and 4·10 4 ) are 87.54, 87.53, and 87.53%, respectively. Moreover, in these cases temperature difference, ∆T, increases with the increase of nanoparticles volume fraction. This means that the increase of total wall heat transfer results from not only the increase of nanoparticles volume fractions but also the increase of temperature difference, which in turn increases heat transfer. Therefore, keeping fixed Grashof number is not an appropriate approach to study the sole effects of nanoparticles volume fractions on the total heat transfer.
Using the proposed new approach, the sole effects of nanoparticles volume fraction on the total natural convection heat transfer from the cavity are investigated. To achieve this goal, temperature difference is kept fixed at three different nanoparticles volume fractions (f = 0.0, 2, and 4%) for the cavity dimensions previously studied, L = 10 mm, H = 10 mm, then, total wall heat fluxes are calculated. The results of Q and the corresponding Grashof number are presented in tab. 5. It is observed that, keeping constant the temperature difference, total heat transfer rate reduces with the increase of volume fraction of nanoparticles. The maximum decrease of heat transfer rate for the cases ∆T = (20, 10, and 5 K) is 4.49, 4.84, and 5.17%, respectively. This shows that using nanofluid to increase natural convection heat transfer in the cavity is not helpful. 
Conclusions
A new approach was used for numerical analysis of the sole effects of nanoparticles volume fraction of Cu-water nanofluid on laminar mixed and natural convection heat transfer in a 2-D cavity by employing homogenous mixture model. It was shown that the total heat transfer obtained from the Nusselt number while keeping fixed Richardson and Grashof numbers, as used in previous studies, is not appropriate approach to study the sole effects of volume fractions of nanoparticles on heat transfer rate. Because, in this approach the increase of heat transfer results from not only the increase of nanoparticles volume fraction increase but also the increase of temperature difference and walls velocity. Using the new approach, it was shown that in order to have specific heat transfer rate from the walls, base fluid (water) needs less power than Cu-nanofluid for moving the wall. Therefore, the usage of Cu-water nanofluid is not recommended to increase mixed convection heat transfer in a lid-driven cavity.
Moreover, it was shown that the total heat transfer obtained from the Nusselt number while keeping fixed Grashof numbers, as used in previous researches, is not appropriate approach to study the sole effects of volume fractions of nanoparticles on natural convection heat transfer rate in a cavity. Because, in this approach the increase of heat transfer results from not only the increase of nanoparticles volume fraction but also the increase of temperature difference. Then, using the new approach, it was shown that the increase of nanoparticles volume fraction reduces natural convection heat transfer rate, thus, its usage is not recommended for this case as well. 
